Abstract-There exist some problems that the water content of the test object cannot be reflected in real time. The detection time is too long, and the heating measurement method destroys the seed tissue for the traditional measurement of the water content of the seed. In this paper, a structure of single excitation coil to double receiving coils is proposed to measure the water content of the seed via electromagnetic induction. The relative permittivity of the seed can be obtained by the relationship between the amplitude ratio and the water content of the seed. First of all, according to the electromagnetic field theory, the functional relationship between the amplitude ratio of the electromotive force amplitude signals of the two receiving coils and the water content of the seed is established. Secondly, fifty sets of theoretical values of the mentioned model can be obtained through simulation analysis. Finally, comparative tests are carried out by using soybean seeds. The experimental results preliminarily verify the feasibility of the electromagnetic measurement method of the water content of the seed. The advantage of the proposed method is that the measurement of the water content of the seed is non-contacting.
INTRODUCTION
The seed water content refers to the percentage of water content in seeds (water content eliminated by 100 ∼ 105 • C) and seed quality [1] . Water is an important indicator and a necessary material to ensure the life activities of seed, and a necessary carrier for seed metabolism. The seed water content can directly reflect the physiological state of the seed. The higher seed water content can enhance the respiration of the seed [2] , resulting in greatly reduced storage time of the seed, and lower seed water content can easily lead to the death of the seed. The most important thing is that seed water content is an important basis for seed pricing and quality classification [3] . Therefore, water content detection is of great significance.
There are many traditional methods to detect the water content of seeds. Generally, the method of water content is divided into direct and indirect methods [4] . The direct method refers to the method of directly detect. The indirect method is to determine the seed water content by establishing the relationship between the physical and chemical characteristics of seeds and their water content.
The direct methods include the direct drying method [5] , decompression drying method [6] , infrared heating method [7] , toluene distillation method [8] and Karl fisher [9] . Due to the limitations of its own technology, it is unable to reflect the physiological condition of the test object in real time, while the test time is long. Moreover, it is impossible to directly dry and test the greasy seeds [10] , and if the control of the heater is not well controlled, it is easy to damage the tissue of the seeds. Indirect methods include an electronic device of fast water content determination [11] and water content detection of radio frequency [12] . Although the test time of indirect methods is greatly shortened, it is not suitable for seeds with high viscosity. The electromagnetic detection method adopted in this paper can detect seeds in real time efficiently in a non-contact way. The volume of water in the whole sample can be well reflected without heating the seed tissue, making the detection more rapid, simple and convenient.
Because the difference of water content in the seeds results in the change in the relative permittivity and amplitude ratio of the two receiving coils, an electromagnetic detection method is proposed in this paper to achieve detection of the seed water content.
PRINCIPLE OF SEED WATER CONTENT DETECTION SYSTEM
The detection of seed water content is realized by constructing a functional relationship among water content, relative permittivity and amplitude ratio. The principle includes Debye-cole model [13] [14] [15] [16] [17] which illustrates the relationship between water content and relative permittivity and electromagnetic field theory for establishing the relationship between relative permittivity and amplitude ratio.
Debye-Cole Model Principle
According to the classic Debye-cole model, the water content of seeds can be regarded as a hybrid dielectric model of seed body, bound water and free water. The relationship between the water content of seeds and the relative permittivity is studied. The model theory is as follows.
In the following formula (1): U r is the volume ratio of seeds, f the relaxation frequency of free water, ε * the relative permittivity of seeds, σ the seed electrical conductivity, m 0 the mass of mixed medium, m 1 the drying mass, v 1 the drying volume, m 1 the seed water content, ε r the seed noumenon permittivity, U jw the volume of free water, and U b the volume of Bound water.
Formula (1):
Principle of Electromagnetic Detection
The experimental device adopts a coil detection structure for single excitation and double reception. An alternating magnetic field is generated in space when sine alternate current is introduced into the exciting coil. Under the action of the alternating magnetic field, an induced electric field in seed and a new magnetic field are generated. The new magnetic field is related to the water content of the seeds. At this time, the two receiving coils can detect varying electrical signals in space and create different electromotive forces due to the different positions of the two receiving coils. The near receiving coil is V 1 ; the far receiving coil is V 2 ; the ratio of the peak-to-peak amplitude of the two receiving coil is called amplitude ratio. Under the condition that the relative positions of the two receiving coils are fixed, the magnitude of the amplitude ratio is influenced by the variation of seed water content. Based on electromagnetic induction, the detection of water content of the seed is shown in Figure 1 . The exciting coil can be regarded as a magnetic dipole of which magnetic dipole moment changes with time according to the following rules [18] [19] [20] [21] [22] . (2) Formula:
I 0 is the current excitation, S t the transmit coil area, and n the exciting coil direct. Maxwell is expressed as:
In formula, H is the magnetic field strength, E the electric field strength, μ the magnetic conductivity, and ε the permittivity.
The electrodynamic operation can be used to find the field strength H Z [23, 24] at the Z from the field source on the vertical axis of the magnetic dipole.
Seeds are non-conductive medium, when the displacement current dominates:
Non-conductive magnet, μ = μ 0 = 4π × 10 −7 (H/m), ε = ε * ε 0 ; ε is the permittivity; ε * is the relative permittivity; ε 0 = 10 −9 /36π (F/m), a and b are expressed as:
Formula (8) can be written as an expression of amplitude Y L :
In order to eliminate the influence of directly coupled signals and measure the relative values of amplitude or phase in practice, a three-coil structure with single transmission and double reception is designed.
In the formula, ΔY is the amplitude ratio received by two coils; Z 1 and Z 2 are the source distance from the near receiving coil and the far coil to the transmitting coil respectively; ΔZ is the distance between the two receiving coils.
Therefore, the relative permittivity of the seed ε * can be inverted to obtain the water content of the seed by measuring the amplitude ratio of the two receiving coils according to formula (14) .
SIMULATION ANALYSIS
In order to verify the correctness of the theory above, we carried out a simulation analysis based on the classical Debye-cole mode and single-excitation dual-receiver electromagnetic detection principle. The system characteristics analysis has been conducted in the MATLAB environment, and the research takes the relative permittivity as the intermediate variable to examine the relationship of the change of seed water content caused by this variable on the output amplitude ratio of the detection system.
The water content, relative permittivity and amplitude ratio of the seed have different dimensions, which will affect the results of the data analysis. Therefore, this paper uses the min-max standardization to normalize the data. The conversion function is as follows:
S − min max − min C serves as the normalized processing value; S is the original value of the sample data; max is the maximum value of the sample data; min is the minimum value of the sample data. Figure 2 is a simulated relationship diagram of the data of the seed water content, relative permittivity, and amplitude ratio after normalization. Figure 3 shows the three-dimensional relationship model established by the normalized data of the 50 groups above. According to the simulation and theory, it can be known that as the water content increases, the amplitude ratio shows an upward trend. Seed water content, relative permittivity and amplitude ratio have shown a positive linear correlation. Therefore, this changed trend can be used as a reference for experimental data changes in actual detection. 
EXPERIMENTAL RESEARCH

Introduction to the Experimental Platform
The structure of the electromagnetic induction type detection system for seed water content is shown in Figure 4 . The system uses the TMS320F28335 as the control core. The sinusoidal excitation source at the signal generation end is the AD9850 signal generator, of which maximum operating frequency is 125 MHz. The excitation source combines low-pass filter and power amplifier circuit to produce alternating electromagnetic field in excitation coil C1.
At the receiving end of the signal, when the receiving coils C2 and C3 sense the magnetic sensing signals, the detection signals can be obtained by the power amplifier and down-conversion modulation circuit, respectively, and the obtained detection signals contain the relevant information inside the measured object. The received two-way detection signal obtains the amplitude change information through a phase detector composed of a control platform based on the TMS320F28335. This information can be displayed in the program by connecting the information to the python man-computer interface via a RS-485. The field experimental apparatus is shown in Figure 5 . 
System Deviation Experiment
We used the JA5003 professional electronic scale to weigh 346 g standard soybeans, poured into the detection system, and measured the 11 sets of amplitude ratio values. After the RS-485 is connected to the python man-computer interface, the amplitude ratio is recorded. After the measurement data is stable, the amplitude ratio is recorded for one time. Figure 6 reflects the comparison of the 11 sets of experimental data measured with the theoretical value of the system when measuring the standard soybean (13% water content), and the water content remains unchanged. The material of the experimental device itself has a certain relative permittivity value, so the theoretical theory needs to be corrected. The waveform and amplitude ratio of the voltage of the two receiving coils are basically stable, which indicates that the system has a good detection effect. According to formula (15) , the standard deviation between the two receiving coils is 0.022 that is at a lower value.
where T : Standard deviation; n: Number of samples; x i −x: Deviation between a certain data and the sample mean. 
Soybeans Experiment
Twelve groups of 346 g of soybeans are weighed and immersed in distilled water. Table 1 shows the data that have been recorded during the experiment by setting the 12 groups of soybean seeds with different water contents through the length of the immersing time. The change of water content is obtained by measuring with the JA5003 electronic scale and calculation. The conductivity of the standard seeds is directly obtained by DDS-318 produced by Shanghai Yidian. The experiment also needs to take the dilution of conductivity into account, because 10% increase in seeds' water content leads to a 10% decrease in seeds' electrical conductivity. The calculation formula (16) for each change in water content is as follows:
Formula (16): m 1 : fresh weight; m 2 : dry weight. Table 2 gives the results of normalization of the experimental data according to the conversion function. In the experiment, since the order of the seed water content has been slightly adjusted, it is possible to produce two cases of large and small sizes fluctuating up and down. On the one hand, it is verified in the experiment whether the detected amplitude ratio will fluctuate. On the other hand, the actual water content of the seeds were compared with the water content calculated from the amplitude data obtained from the experiments to verify whether the seed water content detected by the experimental platform is accurate. Figure 7 (a) shows the variation curve of the amplitude ratio measured by the system. It can be seen from Figure 7 (a) that the fluctuation of amplitude ratio is the same as the arrangement trend of the seed water content. The peak value appears in Groups 4 and 10, which is consistent with the arrangement condition of the seed water content design by the experiment. Figure 7 (b) shows the correlation of the measured amplitude ratio between the forward water content and the actual seed water content, and the fluctuation trend is the same, but there is a constant error value. Because the material used in the experimental platform is plastic, its relative permittivity is about 2, which interferes with the signal of the detection platform. In the theoretical model, the corresponding water content is 10%, so the 10% error amount is removed. The corrected curve shows a high degree of consistency with the fluctuation of actual seed water content. The standard deviation of the final experiment is 0.0217, which is within a reasonable range. When the amplitude value and relative permittivity are the largest, the corresponding seed water content is also the largest, and the fluctuation of the amplitude ratio is within the range of theoretical value. The results of the feasibility experiment and the theoretical analysis show extremely high consistency, and the experiment gives a tentative proof of the feasibility of this new electromagnetic method.
CONCLUSION
This paper discusses a single-excitation and dual-receiver three-coil detection method based on magnetic induction and applies it to the detection of seed water content.
(1) The results of the study tentatively indicate that the change of seed water content can be obtained by electromagnetic detection method, and the relationship between the amplitude ratio and seed relative permittivity can be used to detect the seed water content. After removing the standard deviation of the platform itself, the standard deviation of the system is 0.022.
(2) Different from the traditional detection of seed water content based on direct method or indirect method, it has solved the problem of "injury effect" caused by heated destruction of seed tissue in the past, long detection time and the impossibility of real-time detection and tracking. Furthermore, in the future, further research on the influence of the excitation signal, coil radius, the relative position of the coil and the impact of other factors on this method can be taken.
